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Introduction
DPP derivatives have attracted considerable research interest over the last few years due their significant synthetic and spectroscopic advantages. Specifically, these type of compounds can act as strong acceptor units, exhibit high fluorescence quantum yields, and possess exceptional thermal and photostability, making them excellent building blocks for many applications such as organic electronics, [1] [2] [3] solid state lasers, 4, 5 dye-sensitized solar cells, 6 ,7 dyes [8] [9] [10] and fluorescent probes. 11 The DPP unit has a well-conjugated structure with a strong π-π interaction and electron-withdrawing effect, which results in efficient charge transport.
Relatively low-lying HOMO and LUMO levels also make the DPP unit a promising candidate for application in bulk heterojunction (BHJ) solar cells, [12] [13] [14] [15] [16] [17] [18] [19] with further application stemming from their ability to be used as both small molecules [20] [21] [22] [23] or copolymers. [24] [25] [26] [27] In many publications, the DPP derivatives have been highlighted as a good emitter for OLED devices but nevertheless small molecule OLEDs based on such compounds have not been investigated, despite their very high intensity and PLQY in solution. Unfortunately, DPP derivatives demonstrate strong π-stacked aggregation that may lead to dissipative intermolecular charge transfer and aggravate charge recombination that quenches fluorescence. One of the recent way to improve OLED efficiency it to employ the E-type delayed fluorescence (Thermally Activated Delayed Fluorescence -TADF). A neglected process in OLEDs, has been shown to work very efficiently in converting triplets into singlets in organic exciplex molecules. [28] [29] [30] One of the representatives of the TADF emitters are exciplexes. Exciplexes provide simple possibilities to make a wide range of emitters because the wavelength of the emission in such systems is not dependent on the band-gap value of a single compound, but the HOMO-LUMO offset between donor and acceptor molecules. A small range of exciplex TADF materials and devices has been 3 reported, yielding very high external quantum yields, reaching a leading value of 19% EQE, clearly indicating that very efficient triplet harvesting is occurring and that 100% internal quantum efficiency is possible. 31, 32 In our work, we present the first DPP derivative (Scheme 1) based OLED devices and explain how it's possible to increase the overall efficiency employing exciplex moiety.
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Scheme 1. Compounds studied in this work.
Results and Discussions
All of the synthesised DPP compounds were initially investigated using cyclic voltammetry to calculate the ionization potential (IP) and electron affinity (EA) (Figure 1a ,b, Table S1 ). [36] [37] [38] Reduction proceeds as a two-step process. The first step occurs at a potential lying in the range from -1.88 V to -1.72 V and is reversible in each case, while the second step is irreversible for all of investigated molecules and occurs from -2.52 V to -2.36 V. The reduction process is slightly shifted to higher potentials with increasing number of carbons in the alkyl chain for derivatives from 4 to 10 carbon atoms, while further chain extension lowers the reduction potential. Furthermore the reduction potential increases in the order: DPPPh< DPPFu< DPPTh (comparing the derivatives with the same alkyl chain), highlighting the donor moieties influence on the reduction process. The impact of the alkyl chain and donor moieties on the oxidation process is similar to the reduction. The oxidation process occurs at higher potential for derivatives with longer alkyl chains, with highest potential observed for derivatives with 10 carbon atoms, while introduction of more carbon atoms in alkyl chain resulted in lowering of the potential of oxidation. The effect of donor moieties on the oxidation potential also follows the reduction, with the lowest potential of oxidation observed for thiophene derivatives. Thiophene and furan derivatives show similar values of band gap energies, whereas phenyl derivatives possess higher band gaps. These data are presented in Table S1 .
To explain the effect of structure on their electronic properties, DFT calculations were performed on model compounds containing alkyl chains of 2 carbons long (Scheme S4). In case of DPPPhC2, a large dihedral angle of 41.86ᵒ was observed between the DPP core and phenyl ring. Since such a large angle has not previously been reported for similar non N-alkylated molecules 39, 40 one can conclude that interactions between hydrogen atoms on the phenyl rings and N-alkyl chains are responsible for non-planar geometry found in DPPPhC2 (Table S2, Figure S1 ). 41 For both DPPFuC2 and DPPThC2, dihedral angles between the DPP core and substituents were found to be only 1.53ᵒ and 1.80ᵒ, respectively. As a result it can be concluded These observations coincide well with experimental data The UV-vis absorption and fluorescence spectra of DPP derivatives are shown in Figure   2a ,b and their representative spectral parameters are collected in Table S3 . The shape and position of optical spectra were not influenced by the length of the N-alkyl chain. DPPTh and DPPFu series show two vibronic maxima in their absorption spectra in dichloromethane solution.
In both cases, the main absorption band in the range of 450 -575 nm is split into two well-6 defined peaks. The peaks at 549 nm for DPPTh and 538 nm for DPPFu are assigned to the 0-0 vibronic transition and is more intense than the 0-1 transition found at higher energies ( Figure   2 ). 42, 43 The exacts positions of separated peaks probably originating from the well-ordered structure of DPPFu and DPPTh. For DPPPh series, the vibronic structure is not well defined which is probably assigned to the weaker rigidity of the conjugated system. 44, 45 It is worth noticing that the vibration modes are also present in non-substituted alkyl side chains DPPPh derivatives. 46 Comparing UV-vis spectra of DPP derivatives reveals that the absorption maxima strongly depends the donor unit in monomer backbone. In case of UV-vis spectrum, DPPTh and DPPFu derivatives show similar properties, with first observed transition maximum at 548 and 538 nm, respectively. Replacement of 5-membered rings with phenyl rings results in a hypsochromic shift of the absorption band to a peak maximum of 466 nm caused by the stronger electron donating character of thienyl and furanyl units compared to phenyl substituent, as well already discussed in terms of the twisted molecular structure of DPPPh derivatives. Furthermore, TDDFT calculations were conducted to gain information about these described optical transitions. These data are given in Table S2 . In case of all investigated compounds, the first transition is dominated by, the HOMO-LUMO transition with no contribution from other orbitals.
All examined DPP derivatives are also luminescent, reaching high quantum yield in the range of 0.69-0.79 (Table S3) . Analysing obtained data it is observable that the length of the alkyl side chain has an influence on quantum yield. For DPPFu derivatives, the quantum yield increases from 0.79 to 0.81 with increasing length of alkyl side chain ( Table S4 ). The same phenomenon is observable in the case of DPPPh derivatives. Quantum yield values are also strongly related to an atom's electronegativity within the donor unit and the heavy atom effect. 47 7
Comparing DPPFu and DPPTh, the sulfur present in the donor moiety is less electronegative than oxygen, resulting in lower quantum yields (Table S3 ). The fluorescence spectra of DPP derivatives are usually characterized by a small Stokes shift 48 which is assigned to their planar structure. 49 For DPPTh and DPPFu, the Stokes shift is situated in a range of 11 and 7 nm, respectively (Table S2 ). In the case of DPPFu, the smaller Stokes shift is caused by, a better interaction between the oxygen in the donor units and hydrogens in alkyl side chains. The strong attraction between these two atoms (O···H) leads to slightly a more planar conformation, as already confirmed by ground state DFT calculations. Hence, the change in conformation between the ground state and the excited state is rather small. In the case of DPPTh, the sulphur atoms in the thiophene units are positively charged and are repelled by the positively charged hydrogen on the side chains, 50 leading to a more pronounced change in conformation in its excited state. In the case of DPPPh the Stokes shift in range of 63 nm indicates that the geometry of the excited state is changed in a significant way compared to the ground state 51 and probably involves the planarization of molecules, reducing the substantial dihedral angle between the DPP core and phenyl substituents.
Spectroelectrochemical measurements were performed to examine the influence of applied potential on the spectroscopic properties of investigated DPP derivatives. This analysis is important for OLED materials which perform under an electrical field.
8 DPPPhC2 is set to -1 (radical anion). However, the extent of this phenomenon is greater than in the cationic species as the dihedral angle in this example is reduced significantly, to a value of 20.39 ᵒ . Those differences are however not seen in DPPThC2 and DPPFuC2 since these compounds are planar already in their ground state (Table S5 ).
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Spectroelectrochemical measurements were performed to examine the influence of applied potential on the spectroscopic properties of investigated DPP derivatives. This analysis is important for OLED materials which performunder an electrical field. The evolution of the optical spectra during electrochemical oxidation of examined compounds was recorded as a function of applied potential in accordance with cyclic voltammetry (Figure 1a) . As the potential is sequentially increased the intensity of the -* transition diminishes (Figure 3) , along with the formation of new peaks at lower energy regions of the spectrum at 670 nm for DPPPhC4, at Comparison of calculated optical transitions with spectroelectrochemical results can produce interesting conclusions. While TDDFT predicted two new bands at a charge of +1 in each case, one can observe three in experimental spectra. The third band is connected with the occurrence of an additional form of investigated compounds, not included in calculations. These may include for example σ-dimers or π-dimers.
Further analysis of charged species was possible through the use of EPR spectroelectrochemistry. Similarly to other spectroscopic properties, hyperfine coupling constants were not dependent on the length of the alkyl chain. As in other techniques used to characterize charged species, in EPR spectroelectrochemistry one can clearly differentiate between the positive and negative speciesat once. Radical anion EPR spectra of investigated compounds present rich hyperfine structure, originating from interactions of spin with nitrogen atoms on the DPP core and with hydrogen atoms of substituents (details of this are given in Figure 4 ). This indicates that in radical anion molecules spin density is distributed over the entire molecule, which was also confirmed by the DFT simulated spin density (see inset in Figure 4a -f). In the case of radical cations, the analysis is not that simple since these spectra do not present well-separated peaks as an effect of hyperfine interactions, as seen in the radical anion spectra. However based on DFT calculated spin density we proposed a model describing the shape of radical cation spectra, as presented in Figure 4a -f. As it can be seen, one of the reasons for this situation lies in the poor spin density of nitrogen atoms. However, this does not mean that the whole DPP core is free of spin density, which is present on both oxygen and carbon atoms. This indicates that for both radical anion and radical cation, the spin density is distributed entirely over the molecule. The electrochemical and spectroelectrochemical analysis showed that there is a small influence of alkyl chain upon electronic parameters. EPR spectroelectrochemistry indicates that for both radical anion and radical cation, the spin density is distributed entirely over the molecule resulting strong interaction between molecules which increase the possibility of π-π stacking and σ-dimer formation. Both of these intermolecular formations could negatively influence OLED device performance based on DPP emitters. The several OLED structures were investigated ( Figure 5 ) but resulted in similar EQE efficiency lower than 0.4% (the EQE for pure DPP emitters). luminance was similar for all of the devices, the efficiency improves 2 times in a CBP matrix (10% of DPPFuC4) and 3.5 times in a TAPC matrix. As TAPC is an Electron Blocking Layer (EBL), it wasn't possible to investigate lower %compositions of DPPFuC4 inside this matrix. As a final step, the attempt of deposition of exciplex enhanced TADF device was undertaken. The previously investigated 2d:TAPC exciplex device were chosen due to its high efficiency (>15%). 33 The electroluminescence spectra of the 2d:TAPC device lay at the same wavelength as absorption bands of investigated DPP derivatives (Figure 6a ) which should allow to direct excitation of DPP compounds by the exciplex. The time-resolved photoluminescence analysis of exciplex enhanced layers proved the occurrence of the delayed component ( Figure S2 ). In all of the cases, the overall efficiency of exciplex enhanced devices were much higher ( Figure   6c -f). It was possible to receive 11.2% for DPPFuC4 and 11.1% for DPPThC4 EQE at 100 cd/m 2 . The best overall efficiency was observed for DPPFuC4 based devices with a 12.1% EQE and 28.4 cd/A device efficiency.
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The highest luminance was observed for the thiophene derivative DPPThC4 at 9983 cd/m 2 . The efficiency of DPPPhC4 was much smaller mainly, as previously mentioned, due to mixed emission from the exciplex and the DPPPhC4 material.
Conclusion
In summary, we conclude that all investigated compounds are electroactive, and don't form polymeric layers during electrical oxidation. Our analysis showed that there is almost no 
